Abstract. Src, a non-receptor type of tyrosine, was recently reported to modulate multiple signaling pathways in human tumors. Therefore, the present study aimed to determine the expression and distribution of Src on hepatocellular carcinoma (HCC). The expressions of total Src (t-Src) and an active form of Src [phosphorylated (p-) Y416Src] were analyzed in 52 northern Chinese patients with HCC using immunohistochemistry. The positive expression rates of t-Src and p-Y416Src in HCC tissue were 65.38 and 42.30%, respectively, which is significantly higher than that in adjacent non-tumor tissue (30.76 and 13.46%; P<0.001 and P=0.010, respectively). The staining intensity of t-Src and p-Y416Src were also significantly higher in HCC tissues compared with adjacent normal tissues (P<0.001 and P=0.023, respectively). t-Src expression was positively and significantly correlated with tumor stage (P=0.002), cellular differentiation (P=0.007), metastasis (P=0.030) and the expression level of CA19-9 (P=0.016), while p-Y416Src expression was only significantly correlated with tumor stage (P=0.010). The expression of t-Src and p-Y416Src were also investigated using immunocytochemistry in two HCC cell lines with different metastatic potentials (MHCC97-L and HCCLM3) that are derived from a single HCC patient. Consistently, the expression of t-Src and p-Y416Src were stronger in the cells with higher metastatic potential compared with those exhibiting lower metastatic potential. Taken together, the current data indicate that Src expression is elevated and active in Chinese patients with HCC and that t-Src may have a key role in promoting HCC metastasis.
Introduction
Hepatocellular carcinoma (HCC) is the most common type of liver cancer worldwide (1) . It is the third leading cause of cancer-related mortality globally and the second leading cause in China (2, 3) . Worldwide, there are 560,000 new cases of HCC reported per year (4) . The highest incidence rates are in areas of Asia and Africa, where individuals are at a high risk of hepatitis B virus (HBV) and hepatitis C virus (HCV) infection, and it is generally accepted that hepatitis viruses have a major role in HCC development (5) . A previous study (6) reported that the five-year survival rate of HCC patients following surgical resection for small and large HCC was 63.4 and 39.6%, respectively, whereas the five-year survival rate for patients with unresectable HCC treated with cytoreduction therapy was 64.7%. The poor prognosis of HCC may be attributed to the recurrent and metastatic nature of the disease (6) . Therefore, the identification of oncogenes and progression markers may contribute greatly to the prevention and treatment of HCC.
c-Src, the human homolog of the Rous sarcoma virus-transforming gene, is a non-receptor tyrosine kinase. It is a critical modulator of multiple signaling pathways mediated by integrins, G protein-coupled receptors, cell adhesion proteins and hormone receptors (7) . Src remains inactive in the cytoplasm when it is phosphorylated at Y530. However, once activated, Src translocates to the membrane and becomes fully activated by autophosphorylation at Y416 (8, 9) . Activated Src [phosphorylated (p-) Y416Src] at the cell membrane initiates signaling pathways that induce cell proliferation, adhesion and migration/invasion (10) . Src is characterized as an oncogene, and the overexpression and/or elevated activity of Src appears to be involved in the progression of various tumor types, including HCC (11, 12) . Notably, although higher Src activity has been detected by an in vitro kinase assay in HCC (13) and its activation is reported to be involved in the cancerous behaviors of HCC cells (14, 15) , it has yet to be clarified whether Src is involved in the pathogenesis and progression of HCC, and whether it influences specific HCC clinicopathological factors. Therefore, the present study aimed to characterize the expression and distribution of total Src (t-Src) and p-Y416Src in HCC tissues, and in two HCC cell lines with different metastatic potentials derived from a single Chinese HCC patient. Furthermore, the associations between the expression of t-Src and p-Y416Src and various clinicopathological characteristics were analyzed.
Materials and methods
Cell lines and culture. MHCC97-L and HCCLM3 cell lines, derived from MHCC97 parental HCC cells and exhibiting different metastatic potentials, were provided by the Liver Cancer Institute, Shanghai Medical College of Fudan University (Shanghai, China). MHCC97 cells are derived from a single Chinese patient with HCC (16, 17) . All cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM; GE Healthcare Life Sciences, Logan, UT, USA), containing 10% fetal bovine serum (Gibco Life Technologies, Carlsbad, CA, USA) and 1% antibiotic (100 IU/ml penicillin and 100 µg/ml streptomycin; Mediatech, Inc., Manassas, VA, USA). Cells were maintained at 37˚C in an atmosphere of 5% CO 2 .
Tissue samples. A total of 52 paraffin-embedded HCC tissue samples and 52 control tissues samples from the adjacent noraml liver were obtained from Chinese patients at The First Affiliated Hospital of Harbin Medical University (Harbin, China) between 2010 and 2012. The patients were well-characterized for clinical, pathological and phenotypic markers. Sample collection was approved by the Harbin Medical University Institutional Ethics Committee and written informed consent was obtained from all patients. Long-term follow-up data was not available as all HCC cases were recent; therefore, survival curves could not be calculated. The diagnoses of HCC were established by clinical features, according to the National Comprehensive Cancer Network (18) and British Society of Gastroenterology guidelines (19) , and confirmed by histological analysis. Liver specimens were obtained by needle biopsy or surgical resection and transferred to 10% neutral formalin within 15 min to minimize loss of phospho-antigens. All patient features, including age, tumor size, tumor node metastasis (TNM) stage (20) , HBV status and α-fetoprotein (AFP) levels, were obtained from the pathological case reports.
I m m u n o h i s t o c h e m i s t r y (I H C)
. F o r m a l i n -f i xe d paraffin-embedded liver sections (5 µm thick) were prepared. t-Src and activated p-Y416Src expression were assessed by IHC using rabbit anti-human antibodies against t-Src (monoclonal IgG; 36D10; #2109; Cell Signaling Technology, Inc., Danvers, MA, USA) and p-Y416Src (polyclonal; #2101; Cell Signaling Technology, Inc.). The standard indirect IHC method was performed, as previously described in our laboratory (21) . Briefly, the sections were placed in citrate buffer (pH 6.0) and heated in a microwave oven for antigen retrieval (95˚C for 3 min). Endogenous peroxidase activity was inhibited by incubation in 3% hydrogen peroxide (H 2 O 2 ) for 15 min. After blocking with 10% goat serum for 1 h, slides were incubated overnight at 4˚C with antibodies to t-Src (1:400 dilution) and p-Y416Src (1:50 dilution). The secondary antibody staining kit (horseradish peroxidase-conjugated goat anti-rabbit IgG polymer; PV-6001; ZSGB-Bio, Beijing, China) was then applied for 45 min at 37˚C, and a 3,3'-diaminobenzidine substrate kit (ZLI-9019; ZSGB-Bio) was added to the tissue for 2 min. Sections were counterstained with hematoxylin (Sigma-Aldrich, St. Louis, MO, USA), dehydrated and mounted. The specificity of immunostaining was evaluated by replacing the primary t-Src and p-Y416Src antibodies with non-specific, isotype-matched rabbit IgG (24E10; #3195; 1:200 dilution; Cell Signaling Technology, Inc.) in phosphate-buffered saline.
Scoring. Src expression in tumor samples was assessed using the histoscore method developed by Allred et al (22) . Cellular location (cytoplasm and membranes) of Src staining was scored separately for each sample. In each specimen, an intensity score and a proportion score were determined. The staining intensity was scored based on visual assessment of brown color within the cytoplasm or cell membrane on a scale of 0-3, as follows: 0, no staining; 1, weak staining; 2, moderate staining; or 3, strong staining). The proportion score represented the percentage of positively stained cells in the entire tissue section under microscopic observation (Eclipse E800; Nikon Corporation, Tokyo, Japan) observation 0, none; 1, <5%; 2, 5-25%; 3, 26-50%; 4, 51-75%; 5, >75%). Overall Src expression in each tumor sample was then calculated as a sum of the intensity score (0-3) and the proportion score (0-5) to give a range of 0-8 (22) . Scores of 0 were categorized as negative staining and scores of 1-8 were categorized as positive staining (weak, 1-2; moderate, 3-6; positive, 7-8). Three investigators, blinded to the patient characteristics, scored the slides independently and an agreement was reached for all samples.
Immunocytochemistry. MHCC97-L and HCCLM-3 cells were cultured and fixed in 95% ethanol (Tianjin Ke Mi Ou Chemical Reagent Co., Tianjin, China) for 5 min at room temperature. Cell slides were then washed and permeabilized by incubation with 0.2% Triton X-100 (Sigma-Aldrich) for 15 min at 4˚C. 
Results

Patient characteristics.
The clinical features and pathological findings of the patients investigated are indicated in Table I . Age, gender distribution, percentage of HBV-and HCV-positive patients, pathological characteristics and blood marker expression were similar to previous results in Chinese patients with HCC (23) .
Expression pattern of Src in HCC and adjacent normal liver tissues.
To identify the expression pattern of Src in HCC and adjacent normal liver tissues, the present study initially detected and compared the expression rate of Src in two groups of tissues. The t-Src positive expression rate in HCC tissues was 65.38%, which was significantly higher than that in adjacent normal liver tissue (30.76%; P<0.001; Table II) . Similarly, the active Src (p-Y416Src) positive frequency was significantly higher in HCC tissue when compared with adjacent normal liver tissue (P=0.010; Table II ). In addition, the histoscore of t-Src and p-Y416Src staining were analyzed using a Mann-Whitney U test. The statistical analysis revealed that the staining scores of t-Src (mean histoscore, 3.21) and p-Y416Src (mean histoscore, 0.94) were both significantly higher in HCC tissues compared with in adjacent normal liver tissues (P<0.001 and P=0.023, respectively; Fig. 1A) .
Subsequently, the subcellular distribution of Src was detected in the two groups of tissues. Of the HCC tissue samples, 34 exhibited positive t-Src staining in the cytoplasm, with different histoscores. Positive t-Src staining in the membrane was observed in 11 of the t-Src cytoplasm positive cases Table IV . Correlation of Src expression with clinicopathological characteristics in patients with HCC. ----------------------------------------------------- (Table III and Fig. 2A) . Furthermore, positive t-Src staining in the membrane only appeared in cases of HCC with strong cytoplasmic staining; no cases exhibited only t-Src membrane staining. In comparison, positive t-Src staining exhibited only weak cytoplasmic distribution in hepatocytes of the adjacent normal tissue samples (Fig. 2E) , whilst membrane t-Src was not detected in the normal hepatocytes (Table III) . The positive staining frequency and histoscores of t-Src subcellular location in the cytoplasm (mean histoscore, 3.21; P<0.001 and P<0.001, respectively) and membrane (mean histoscore, 1.44; P<0.001 and P<0.001, respectively) were significantly higher in HCC tissues when compared with adjacent normal tissues (mean cytoplasm and membrane histoscores, 0.67 and 0.00, respectively; Table III and Fig. 1B) .
With regard to p-Y416Src, positive cytoplasmic staining was identified in 9.62% (5/52) of HCC cases and positive staining for membrane p-Y416Src was observed in 32.69% (17/52) of HCC cases (Table III and Fig. 2C) . By contrast, all p-Y416Src-positive adjacent normal tissue cases (n=7) exhibited only weak cytoplasmic staining (Fig. 2F ) and no positive staining of the membrane was detected. Statistical analysis revealed that membrane p-Y416Src expression was detected significantly more frequently (P<0.001) and more strongly (P<0.001) in HCC tissue (mean histoscore, 0.75) than in normal liver tissue (mean histoscore, 0.00; Table III and Fig. 1C ). However, there was no significant difference in cytoplasmic p-Y416Src staining between HCC and normal tissues (Table III and Fig. 1C ).
Clinical and pathological correlations. As t-Src expression occurred at a high frequency in HCC tissues compared with adjacent normal tissues, the correlation between t-Src expression and the patients' clinicopathological characteristics was analyzed. t-Src expression was not associated with patient age, gender, HBV/HCV infection status, cirrhosis, tumor size, or AFP, carcinoembryonic antigen or serum ferritin levels (P>0.05). However, high expression of t-Src in HCC was significantly associated with more advanced TNM cancer stage (P=0.002), poor cellular differentiation (P=0.007), the presence of lymph node metastasis (P=0.030) and high carbohydrate antigen 19-9 (CA19-9) level (P=0.016; Table IV) . However, positive p-Y416Src expression was only significantly associated with more advanced TNM stage (P=0.010), and no other factors. Furthermore, strong staining of t-Src and p-Y416Src was observed in lymph nodes with HCC metastasis ( Fig. 2G and H) , and high Src expression scores in HCC tissues were associated with metastasis-positive lymph nodes (P=0.007, P=0.008; Table V ). These data indicated that elevated t-Src expression was significantly associated with HCC metastasis, as well as tumor stage, cellular differentiation and CA19-9 level.
Src expression in HCC cell lines. Additionally, the expression of t-Src and p-Y416Src was detected by immunocytochemistry in two HCC cell lines with different metastatic potentials derived from a single Chinese HCC patient. Stonger expression of both t-Src and p-Y416Src was detected in the higher metastatic potential cell line, HCCLM-3 ( Fig. 3B and D) . However, only weak expression of these two forms of Src was detected in the lower metastatic potential cell line, MHCC97-L (Fig. 3A  Table IV . Continued. -------------------------------------------------------- and C). These results were consistent with those obtained from HCC tissues, which indicated that elevated Src expression is associated with HCC metastasis.
Discussion
Src and focal adhesion kinase (FAK) are two components of non-receptor intracellular tyrosine kinases that are linked by integrin-extracellular matrix interactions (9) . The Src and FAK proteins function as a complex in cellular signaling networks and control numerous important biological processes within the cell (9) . Although the aberrant expression and activity of Src is well documented in colon and breast cancer (12, 24, 25) , immunohistological data regarding Src expression in HCC and the association between Src expression and HCC metastasis is still lacking.
To the best of our knowledge, the current study is the first to demonstrate increased Src expression in HCC tissue from Chinese patients compared with adjacent normal liver tissue. It was identified that 65.38% (34/52) of HCC samples from Chinese patients had positive t-Src expression, as detected by IHC. Furthermore, the localization of t-Src was cytoplasmic, consistent with previous reports (23, 26) . Furthermore, considering that the patients in the aforementioned Japanese study of HCC (26) were predominantly positive for HCV infection, while the Chinese patients in the current study were predominantly positive for HBV infection, we propose that positive t-Src expression is not induced by a specific viral infection. Ito et al (26) identified p-Y416Src expression using IHC on liver sections from 87 Japanese patients with HCC and detected active Src in 46% of the cohort. Similarly, the present study observed that 42.30% of Chinese HCC cases exhibited positive p-Y416Src expression. By contrast, p-Y416Src was not detected in normal liver samples in a previous report (23) but presented weak cytoplasmic localization in the present study. Considering that Src functions in normal and tumor cells, and its activity is dependent on phosphorylation sites, we propose that Src, including p-Y416Src, is expressed in normal hepatocytes at low levels of activation. In the current study, 16 of 34 cases with t-Src and 7 of 22 cases with p-Y416Src positive expression in HCC tissues exhibited weak cytoplasmic localization in normal hepatocytes.
The clinical and pathological implications of Src expression and HCC remain to be clarified. Masaki et al (13) identified higher Src kinase activity in a small cohort of poorly differentiated HCC cases compared with normal liver tissue. Higher expression of Src was more common in well or moderately differentiated carcinomas than in poorly differentiated ones (13) , contradicting data that it is typically associated with more advanced cancer. It has also been reported that Src expression is correlated with Ki-67 expression, intrahepatic metastasis, TNM stage, tumor grade and AFP expression (23, 26, 27) . The current data demonstrates that increased t-Src expression is significantly associated with more advanced TNM cancer stage, poor cellular differentiation, the presence of lymph node metastasis and high CA19-9 expression levels. These data are partly consistent with previous studies (23, 26, 27) . It is well-known that the phosphorylation of Y416 in the activation of the kinase domain upregulates the enzyme activity of Src (28,29), which is Mean histoscore values ± standard error of the mean were calculated for t-Src and p-Y416Src expression in lymph node with or without HCC metastasis. HCC, hepatocellular carcinoma; t-Src, total Src; p-Y416Src, phosphorylated-Y416Src. involved in the induction of pathways related to cell proliferation, adhesion and migration/invasion (10) . Thus, increased p-Y416Src expression may facilitate further HCC progression and is consequently associated with poor prognosis. Although it has been reported that increased p-Y416Src expression is associated with poor patient survival (27) , the current data demonstrated that elevated p-Y416Src expression is independent of the majority of clinical and pathological parameters. The MHCC97 cell line, a human HCC cell line with high metastatic potential, was established by Tian et al (16) using a subcutaneous xenograft of a metastatic model of human HCC from a Chinese patient in nude mice. Based on MHCC97 as the parental cells, three cell lines (MHCC97-L, MHCC97-H and HCCLM3) were subsequently established with increasing metastatic potential (17) . In the present study, to support the findings of increased t-Src expression in HCC tissue, the expression of Src was detected in MHCC97-L and HCCLM-3 cell lines using immunocytochemistry. Notably, Src was more highly expressed in the cell line with the highest metastatic potential, HCCLM-3, compared with that in MHCC97-L cells (with lower metastatic potential). These data suggest that Src may be involved in HCC progression. Src overexpression or overactivation has also been identified in a variety of human biopsies from primary tumors and their metastases (11) . It has been established that active Src is associated with integrin adhesion dynamics and E-cadherin dysregulation during the Src-induced epithelial-mesenchymal transition. However, the mechanisms of Src induced metastasis in HCC require further investigation.
In conclusion, the present study demonstrated that the expression of t-Src and p-Y416Src were markedly elevated in HCC tissue. In addition, it was observed that t-Src expression was associated with cancer stage, cellular differentiation, lymph node metastasis and CA19-9 level. Similarly to previous studies, the present results demonstrated the potential value of Src as predictor of HCC outcome. In addition, to the best of our knowledge, the present study is the first to identify an association between elevated t-Src and CA19-9 expression. Notably, elevated t-Src expression was observed in HCC tissues with lymph node metastasis and in an HCC cell line with a high metastatic potential. Collectively, the current data suggests that Src may be important in HCC metastasis. However, the underlying mechanisms require further investigation.
